1.. Introduction
================

Water disinfection processes in public supply systems may generate carcinogenic by-products \[[@b1-sensors-07-03258]-[@b3-sensors-07-03258]\], such as those arising from chlorination. In addition to problems associated with kidney, colon, rectum and liver neoplasy \[[@b1-sensors-07-03258], [@b2-sensors-07-03258]\], recent studies showed correlations between cases of leukemia, lung and pancreas cancer with aquatic disinfection by-products \[[@b3-sensors-07-03258]\]. The main precursors for organochlorinated by-products in aquatic systems are organic matter that interacts with disinfectants used in the water treatment process \[[@b4-sensors-07-03258]\], thus forming especially trihalomethanes (THM -- [Figure 1](#f1-sensors-07-03258){ref-type="fig"}). These by-products, in which three of the four hydrogen atoms are replaced with three atoms of chlorine, bromine or iodine, are generated by breaking organic molecules from aquatic humic substances (AHS), such as aromatic compounds, di-ketone phenolic structures and carboxylic acids \[[@b5-sensors-07-03258], [@b6-sensors-07-03258]\]. The most common THM species formed are chloroform (CHCl~3~), bromodichloromethane (CHBrCl~2~), dibromochloromethane (CHBr~2~Cl) and bromoform (CHBr~3~) \[[@b6-sensors-07-03258]\], resulting from reactions between organic material and hypochlorous or hypobromous acids generated during water disinfection. This is the reason why AHS reactions with chlorine and bromine have become a major public health concern \[[@b5-sensors-07-03258]\].

A higher formation rate is observed for Br-containing than chlorine-containing THM, since Br is more competitive for the "active sites" in organic precursor molecules \[[@b7-sensors-07-03258]\]. Br occurs naturally in many supply waters either at the surface or underground \[[@b3-sensors-07-03258]\]. Using ozone in the water treatment process has also been troublesome because of the formation of bromide compounds \[[@b7-sensors-07-03258]\]. The concentrations of THMs in chlorinated drinking water (USA) are in the ranges: 0.7 × 10^-3^ - 540.0 × 10^-3^ mg L^-1^ (mean 26.4 × 10^-3^ mg L^-1^) for chloroform; 1.0 × 10^-3^ - 2.7 × 10^-3^ mg L^-1^ (mean 0.5 × 10^-3^ mg L^-1^) for bromoform, 1.9 × 10^-3^ -- 183.0 × 10^-3^ mg L^-1^ (mean 9.1 × 10^-3^ mg L^-1^) for bromodichloromethane and 0.4 × 10^-3^ - 280.0 × 10^-3^ mg L^-1^ (mean 5.7 × 10^-3^ mg L^-1^) for dibromochloromethane \[[@b8-sensors-07-03258]\]. In Brazil, concentrations of 0.08 mg L^-1^ - 0.20 mg L^-1^ (for chloroform); 0.1 × 10^-3^ mg L^-1^ - 0.03 mg L^-1^ (for bromoform); 0.02 mg L^-1^ - 0.07 mg L^-1^ (for bromodichloromethane) and 4.0 × 10^-3^ mg L^-1^ - 0.04 mg L^-1^ (for dibromochloromethane), have been reported \[[@b1-sensors-07-03258],[@b9-sensors-07-03258], [@b10-sensors-07-03258]\]. THMs represent 5 to 20% of the total by-products from water chlorination \[[@b11-sensors-07-03258]\]. Even at low concentrations they are highly toxic, carcinogenic, teratogenic and mutagenic \[[@b12-sensors-07-03258], [@b13-sensors-07-03258]\]. For example, chloroform concentrations of the order of 0.2 mg L^-1^ gave positive results in bioassays for cancer development \[[@b14-sensors-07-03258]\]. As for brominated THMs, reports have been made of cancer risk for concentrations of 1.0 × 10^-3^ mg L^-1^ (Bromodichloromethane), 0.8 × 10^-3^ mg L^-1^ (Dibromochloromethane) and 8.0 × 10^-3^ mg L^-1^ (Bromoform) \[[@b15-sensors-07-03258]\].

Given the obvious need to detect and control THMs in waters, especially in the public supply systems, there is now the challenge of developing low-cost equipment for monitoring water quality. An alternative is the sensor array, normally referred to as "electronic tongue", which has been proven suitable to detect trace amounts of impurities in water \[[@b16-sensors-07-03258], [@b17-sensors-07-03258]\]. In such an array, a nanostructured organic film is deposited onto interdigitated electrodes, which are then immersed into the liquid samples and the electrical impedance of the whole system is measured \[[@b17-sensors-07-03258]\]. Though a variety of materials can be used in the sensing units \[see for instance ref. [@b18-sensors-07-03258], [@b19-sensors-07-03258]\], a judicious choice of the materials may help optimize the sensor performance for specific analytes. In this work, in particular, we selected conducting polymers, sulfonated lignin and aquatic humic substances for building the sensing units. This choice is justified by the large change in electrical properties of conducting polymers exposed to different environments, and by the well-known ability of humic substances to interact with brominated compounds. Using a 10-unit sensor array, we demonstrate it to be possible to detect and distinguish between 3 types of THM, at concentrations that are much lower than normally encountered in treated water.

2.. Experimental
================

Bromoform, bromodichloromethane and dibromochloromethane samples (PA) were acquired from Supelco USA (SIGMA-ALDRICH) with a purity degree of 99.90%. A stock solution with 10 mg L^-1^ and pH = 6.5 was prepared with pure water from a Milli-Q system (Millipore®), from which dilute solutions were obtained with concentrations ranging from 0.05 mg L^-1^ to 8.0 mg L^-1^.

The polymers used for film fabrication were polyaniline (PANI), poly(*o*-ethoxyaniline) (POEA), aquatic humic substances (AHS) and sulfonated lignin (SL). PANI and POEA were chemically synthesized as described in references \[[@b20-sensors-07-03258]-[@b22-sensors-07-03258]\], using ammonium peroxydisulfate in solution of 1.0 mol L^-1^ HCl at 0 °C. SL was obtained from Melbar (Brazil) and AHS were isolated from a water sample collected from River João Pereira, which is a tributary of the River Itapanhaú, located downstream-upstream. River Itapanhaú is located in an environmentally-protected area near the city of Bertioga, on the south coast of São Paulo state, Brazil \[[@b23-sensors-07-03258]\]. The extraction and fractioning were made according to procedures established by the International Society of Humic Substances \[[@b24-sensors-07-03258]\], as well as recommendations by Malcolm \[[@b25-sensors-07-03258]\]. The AHS solutions were prepared in the concentrations of 5, 10 and 30 mg L^-1^. All the aqueous solutions of POEA, SL and AHS were prepared using ultra pure water from a Milli-Q system (Millipore®). The pH was adjusted by adding amounts of 0.1 M of HCl or 0.1 M of NH~4~OH. The details for film deposition for the sensing units are presented in [Table 1](#t1-sensors-07-03258){ref-type="table"}, while the experimental setup for sensing is depicted in [Figure 2](#f2-sensors-07-03258){ref-type="fig"}.

The polymer nanostructured films with different architectures were deposited onto the interdigitated microelectrodes of glass-coated gold using the layer-by-layer (LbL) technique \[[@b26-sensors-07-03258]-[@b29-sensors-07-03258]\]. The layers were deposited with an immersion time of 3 min. per layer, from aqueous solutions at pH = 5.0 and concentration 10^-3^ mol L^-1^, with the exception of PANI that was dissolved in NMP (N-Methyl-2-Pyrrolidone), with concentration of 10^-3^ mol L^-1^. Ten sensing units were produced as follows: i) Sensor 1 (S1): without film; ii) Sensor 2 (S2) had one layer of POEA deposited from a pH = 5 solution onto the electrode; iii) Sensor 3 (S3): a bilayer of POEA and SL (POEA/SL), with each layer being deposited for 3 min.; iv) Sensor 4 (S4): one layer was deposited from a complexed mixture of POEA and SL (in the same solution) (POEA+SL); v) Sensor 5 (S5): one layer of SL deposited for 3 min. (SL); vi) Sensor 6 (S6): one bilayer of AHS and POEA, with each layer being deposited for 3 min. (AHS/POEA); vii) Sensor 7 (S7): one layer obtained from a complexed mixture of POEA and AHS (POEA+AHS); viii) Sensor 8 (S8): one layer deposited from a PANI solution at pH = 5.0 (PANI); ix) Sensor 9 (S9): one layer deposited from a AHS solution (AHS); x) Sensor 10 (S10): one bilayer of PANI and SL, with each layer being deposited for 3 min. (PANI/SL).

Atomic force microscopy (AFM) images were obtained in a Digital Instruments microscope, model Nanoscope III A, in tapping mode using a silicon tip attached to a cantilever of spring constant 70 N/m and resonance frequency of 280 kHz. The gold interdigitated microelectrodes contained 50 pairs of 10 μm wide, 0.1μm thick fingers, with 10 μm spacing between 2 adjacent fingers. Electrical impedance measurements were performed with an impedance analyzer Solartron SI 1260 coupled to a microcomputer, in the frequency range from 1 Hz to 1 MHz and 50 mV of amplitude for the input signal. The data were interpreted with an equivalent circuit, from which the capacitance of the film was chosen as the variable to be treated with principal component analysis (PCA), using MATLAB version 5.2. PCA analysis consists in a mathematical manipulation of the data in a matrix form to reduce its original dimensionality, thus allowing correlations to be established between the variables \[[@b30-sensors-07-03258], [@b31-sensors-07-03258]\].

3.. Results and Discussion
==========================

In [Figure 3a](#f3-sensors-07-03258){ref-type="fig"} is presented the AFM image of a clean quartz substrate without any film deposited. This image shows a globular morphology with very low roughness (RMS). In [Figure 3b](#f3-sensors-07-03258){ref-type="fig"} is presented the AFM image for the self-assembled POEA nanostructured thin film prepared using a bilayer of POEA and SL (POEA/SL). As we can see, the film deposited shows globules of POEA adsorbed, larger than those observed for the plain substrate. The coating is not uniform with some regions of the surface having more material than others. The formation of polyaniline films from solutions has been investigated in the literature and, in general, it has been observed that at the beginning of deposition nucleation represents an important step. After the nuclei are formed they start a radial growth through incorporation of more chains from the solution what gives the film a typical globular morphology \[[@b32-sensors-07-03258]\]. In addition, Venancio *et al.*, \[[@b33-sensors-07-03258]\] constructed sensor units using interdigitated patterns of graphite deposited on plastic and paper, and coated with a thin film of conducting electronic polymer, e.g. nanofibers and conventional films of polyaniline emeraldine salt. Since the sensing process occurs at the surface of the polyaniline, nanofibers of polyaniline enhanced the sensing process due to its higher active surface area, which showed higher sensitivity than conventional films of polyaniline emeraldine salt that are not nanostructured.

[Figures 4(a) and 4(b)](#f4-sensors-07-03258){ref-type="fig"} show the frequency dependence of film capacitance for some of the sensing units (numbered according to the specifications in [Table 1](#t1-sensors-07-03258){ref-type="table"}) immersed into aqueous solutions with different concentrations of brominated compounds. As it is usual for films immersed into liquid samples, the capacitance decreases monotonically with the frequency \[[@b19-sensors-07-03258]\]. Especially at lower frequencies, the electrical response of the sensing units differs from each other, which is useful for building a sensor array with high discriminating power for similar liquids. The low frequency region is dominated by the double-layer effect, while at the region between 10^2^ and 10^4^ Hz appears to be dominated by the effects from the nanostructured thin film used to coat the gold interdigitated electrodes. At frequencies higher than 10^5^ Hz the impedance of the system is dominated by electrode geometric capacitance \[[@b17-sensors-07-03258]\].

The coating of the interdigitated gold electrodes with different materials resulted in the formation of a distinct electrical signal pattern, which is characteristic of the substance being investigated. Therefore, to optimize the performance and specificity of the sensor array, it is essential to obtain the electrical impedance in various frequencies ranges and plot the data in a way that facilitates identification of main features such as the relaxation peaks in the loss tangent versus frequency \[[@b34-sensors-07-03258]\].

In order to make the analysis more straightforward, we chose the capacitance at a fixed frequency, namely 1 kHz, at which there is good distinction among different sensing units. Significantly, the processes governing the electrical response at 1 kHz are mainly associated with film properties \[[@b35-sensors-07-03258]\]. [Figure 5](#f5-sensors-07-03258){ref-type="fig"} shows that the capacitance increases with the concentration of brominated compounds for all sensors. The units 4 and 7, obtained by deposition of mixtures of POEA with SL and POEA with AHS, were the most sensitive to the presence of the brominated compounds, which also occurred for sensors for chloroform \[[@b16-sensors-07-03258]\].

The Detection Limits (DL) for brominated compounds in solution were determined according to IUPAC standards \[[@b36-sensors-07-03258]\], using analytical curves for each compound according to the following \[[@b37-sensors-07-03258] -- [@b39-sensors-07-03258]\]: $$DL = \frac{3S_{b}}{s}$$where *Sb* corresponds to the standard deviation of capacitance values at 1 kHz with reference with a pure water sample. In this procedure, we took 10 measurements for pure water and 10 measurements for each concentration. *s* is slope of the capacitance change vs. concentration curves. [Table 2](#t2-sensors-07-03258){ref-type="table"} displays the detection limits for the various sensing units and 3 brominated compounds, obtained from the slopes at lower concentrations. Not surprisingly, the smallest DL was observed for sensors 4 and 7, ranging from 0.02 mg L^-1^ to 0.09 mg L^-1^ for the 3 brominated compounds.

The interactions between analytes and the film-forming molecules are obviously difficult to analyze, for various types of interaction may occur, including electrostatic, H-bonding and hydrophobic interactions. Nevertheless, one may speculate about the reasons why sensors 4 and 7 exhibited the best performance in responding to the presence of brominated compounds. For sensor 7, the mixing of AHS and POEA in the same solution may have induced higher doping of POEA due to protonation \[[@b32-sensors-07-03258]\], while AHS itself may favor interaction with brominated compounds because of the affinity between aromatic groups in AHS with the halogens of the THMs, in substitution and oxidation reactions \[[@b14-sensors-07-03258]\]. As for sensor 4, made up of a layer of mixed POEA+SL, the high performance may be attributed to synergism between the responses of POEA and SL, which are expected to interact strongly via the amine groups in POEA and sulfonated groups in SL \[[@b32-sensors-07-03258]\].

When the capacitance data for all sensors are analyzed together in a Principal Component Analysis (PCA) plot, it is clear that the sensor array is capable of distinguishing the 3 THMs from each other, and from pure water. This is demonstrated in [Figure 5](#f5-sensors-07-03258){ref-type="fig"} for a fixed concentration of 0.05 mg L^-1^. Furthermore, with the sensor array one can also distinguish THM solutions with distinct concentrations, from 0.05 mg L^-1^ to 8.0 mg L^-1^, as indicated in [Figures 5](#f5-sensors-07-03258){ref-type="fig"} and [6](#f6-sensors-07-03258){ref-type="fig"}. Note that in both PCA plots of [Figures 6](#f6-sensors-07-03258){ref-type="fig"} and [7](#f7-sensors-07-03258){ref-type="fig"}, the sum of the 1^st^ and 2^nd^ component almost reaches 100% of the total variance, thus pointing to a statistically significant distinction among the different samples. With regard to reproducibility, each measurement for each sensor and THM concentration was done in triplicate and the data fall well in the points presented in the plots.

4.. Conclusions
===============

We have demonstrated that the use of the concept of global selectivity (e.g. "electronic tongue"), based on electrochemical impedance spectroscopy and with nanostructured films in the sensing units, can be used to detect relatively small concentrations of brominated compounds. The lowest detection limits, ranging from 0.02 to 0.09 mg L^-1^, were obtained with the sensing units containing one layer of mixed AHS and POEA, or one layer of mixed POEA and SL, as synergy in the interactions with the brominated compounds was achieved. When all the capacitance data were analyzed by using the PCA plots, it was clear that the sensor array could distinguish among the three brominated compounds and among samples with different concentrations of these compounds, in the range between 0.05 and 8.0 mg L^-1^. These concentrations are within the mean values obtained for drinking water, and therefore the sensor array might be used as a low-cost system to monitor drinking water quality. Furthermore, the sensitivity can be further enhanced if a search is carried out to optimize the materials chosen for the units.
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![AFM images of POEA films obtained at pH 5: (a) quartz substrate; (b) bilayer of POEA and SL films (POEA/SL).](sensors-07-03258f3){#f3-sensors-07-03258}

![Log of Capacitance (C / Faraday) as a function of the log of Frequency (Hz) for the sensors 7 and 4 in the presence of different concentrations of THMs: (a) 0.1 mg L^-1^ and (b) 8.0 mg L^-1^.](sensors-07-03258f4){#f4-sensors-07-03258}

![Capacitance (C / Faraday) measurements at 1 kHz, obtained for THM solutions with different concentrations: (a) bromoform; (b) bromodichloromethane and (c) dibromochloromethane.](sensors-07-03258f5){#f5-sensors-07-03258}

![PCA for the 3 THMs at a concentration of 0.05 mg L^-1^ and pure water, using capacitance data at 1 kHz for the 10 sensing units.](sensors-07-03258f6){#f6-sensors-07-03258}

![PCA obtained from the capacitance data at 1 kHz for the 10 sensing units and various concentrations of the brominated compounds (✹Bromoform; ◊Bromodichloromethane; ▼ Dibromochloromethane;. Note that upward arrows can be established indicating increasing concentration (in mg L^-1^) for the 3 compounds.](sensors-07-03258f7){#f7-sensors-07-03258}

###### 

Sensing units in the sensor array to analyze brominated trihalomethanes.

  **Type of Material**   **Sensing Unit**
  ---------------------- ------------------
  without film           **S1**
  POEA                   **S2**
  POEA/SL                **S3**
  POEA + SL              **S4**
  SL                     **S5**
  AHS/POEA               **S6**
  POEA + AHS             **S7**
  PANI                   **S8**
  AHS                    **S9**
  PANI/SL                **S10**

###### 

Detection limits for each sensing unit for the 3 brominated compounds.

  **Sensors**   **DL (mg L^-1^)**                       
  ------------- ------------------- ------------------- -------------------
                **CHBr~3~**         **CHBrCl~2~**       **CHBr~2~Cl**
  S1            0.074 ± 0.003       0.175 ± 0.004       0.115 ± 0.005
  S2            0.082 ± 0.001       0.137 ± 0.005       0.145 ± 0.010
  S3            0.165 ± 0.041       0.608 ± 0.050       0.257 ± 0.030
  S4            **0.033 ± 0.004**   **0.064 ± 0.000**   **0.070 ± 0.000**
  S5            0.071 ± 0.003       0.223 ± 0.004       0.253 ± 0.004
  S6            0.084 ± 0.020       0.707 ± 0.020       0.203 ± 0.010
  S7            **0.020 ± 0.005**   **0.042 ± 0.002**   **0.091 ± 0.000**
  S8            0.043 ± 0.005       0.328 ± 0.100       0.205 ± 0.002
  S9            0.104 ± 0.003       0.168 ± 0.001       0.309 ± 0.004
  S10           0.050 ± 0.005       0.204 ± 0.030       0.137 ± 0.080
